Polo-like kinase 1 (PLK1) is a serine/threonine kinase that plays critical roles in cell cycling and DNA damage response. Overexpression of PLK1 is associated with the poorer prognosis of cancers, including colorectal cancer (CRC). Although the downstream pathways of the overexpression that lead to oncogenesis have been extensively studied, little is known about the factors that cause the overexpression of PLK1 in CRC. DNA methylation was reported to be affecting the expression of PLK1 in some cancers. The study aims to investigate the contribution of genetic mutation and DNA methylation of the PLK1 gene to the overexpression of PLK1 in CRC. The study involves data mining from Catalogue of Somatic Mutations in Cancer (COSMIC) and UniProtKB, Sanger sequencing on DNA from the cell lines HCT116, SW48, Colo320DM and T84 to analyse the possible mutation of PLK1. Other than that methylation status of the PLK1 promoter in CRC are also analysed by using mass spectrometry (MS) and pyrosequencing. Data from the COSMIC show the low incidences of PLK1 mutation for CRC (3.02%) with 46 mutations identified. One of the mutation p.R337Q (c.1010G > A) is located in the D-box which is an important motif for protein ubiquitination and eventually proteasomal degradation. Hence this mutation may potentially result in stabilisation of the PLK1 protein. Mutations are detected at the upstream silencer region, the promoter region and Exon1 in HCT116 but are not located at the protein binding or functioning site. Similarly, the same mutation at promoter region is detected in SW48. Differential trends of changes in methylation status of PLK1 in the IR treated CRC cell lines detected by MS reveal the possible association between the methylation and the radiosensitivity. Furthermore, pyrosequencing shows that PLK1 methylation status in tumour tissues with high expression of PLK1 is not significantly different from those with no 
PLK1 expression. In conclusion, mutation of PLK1 gene is infrequent in CRC and the expression of PLK1 is unlikely to be dependent on DNA methylation in the promoter region of PLK1 in the CRC.
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Introduction
Polo-like kinase is a serine/threonine kinase that promotes mitotic entry during cell division [1] . The overexpression of PLK1 is associated with poorer prognosis in many cancers [2] , including colorectal cancer (CRC) [3] . The expression of PLK1 is variable in both normal and tumour tissues. This had therefore led to the massive development of PLK1 inhibitors, trying to target the PLK1 to improve the treatment outcomes [4] [5] [6] [7] . The development of the drugs was however often halted at Phase I trials, due to inconsistent outcomes and the massive side effects. In addition, separate studies have also reported differential associations between PLK1 expression and radiosensitivity of the tumour [8] [9] .
Since PLK1 is interacting within the complicated cell cycle network and DNA damage response that the activity or expression can be regulated by various factors, the upstream protein or factors may have contributed to the complexity of the development of PLK1 as a target for antitumour. Understanding the mechanisms that result in overexpression PLK1 is therefore critical.
Several studies [10] [11] [12] [13] have mapped out some proteins that are interacting with the promoter region of PLK1 to regulate its transcription. Mutation of PLK1 gene that had been reported [14] is mainly linked to the lower stability of PLK1 in the cells and the majority of the mutation is not systematically reviewed for the contribution on PLK1 overexpression. DNA methylation of the CpGs in PLK1 promoter regions has also been reported to be associated with the expression of PLK1 in hepatocellular carcinoma [15] and haematological malignancies [16] . Furthermore, the reported link between DNA methylation and irradiation (IR) exposure also makes it an interesting aspect to study [17] .
The study aims to investigate the contribution of mutation to overexpression of PLK1 by analysing the detected mutations of PLK1 from the Catalogue of Somatic Mutations in Cancer (COSMIC) database [18] and Sanger sequencing.
Secondly, the study explores the DNA methylation of PLK1 in relation to PLK1 expression.
Materials and Methods

Cell Culture and Irradiation
All the CRC cell lines were obtained from Sigma-Aldrich, Castle Hill, NSW, and Australia. HCT116 and SW48 that possess high microsatellite instability (MSI), as well as Colo320DM and T84 that are microsatellite stable (MSS), were selected for the in vitro studies [19] [20] . Among the cell lines, SW48 is known to be radiosensitive T84 is radioresistant while radiosensitivity of HCT116 and Colo-320DM remain intermediate [21] [22] [23] [24] . These allow the exploration of mutation and methylation status of PLK1 gene with the linkage of MSI status and radiosensitivity in CRC. HCT116 and SW48 were cultured in DMEM (Thermo Fisher Scientific, Melbourne, VIC, Australia) supplemented with 10% fetal calf serum (FBS, Sigma-Aldrich, Castle Hill, NSW, Australia) and 1% penicillin and streptomycin (Thermo Fisher Scientific, Melbourne, VIC, Australia).
Colo320DM was cultured in RPMI1640 in 10% FBS and 1% penicillin and streptomycin. T84 was grown in DMEM/F12 (Sigma-Aldrich, Castle Hill, NSW, Australia) with the same supplements. All cell lines were cultured under the conditions of 37˚C and 5% CO 2 . The cells were subjected to IR of 0.5Gy, 2Gy and 5Gy using Elekta Synergy (Elekta, Stockholm, Sweden).
Patient Tissue Selection
This study received ethics approval from the Sydney South West Area Health Service Human Research Ethics Committee (HREC/12/LPOOL/102). The patients were chosen from rectal cancer patient cohort based on the PLK1 expression of the patients as determined by immunohistochemical (IHC) staining on tissue microarray (TMA) which had been reported as a separate study [3] . Tumour tissues with high PLK1 expression (IHC score of 12, n = 10) were compared with tumour tissues with no PLK1 expression (IHC score of 0, n = 10).
DNA Extraction and Bisulphite Conversion
To generate cDNA, total RNA was extracted by RNEasy kit (Qiagen, Melbourne, VIC, Australia) and converted to cDNA by reverse transcription by QuantiTect® Reverse Transcription kit (Qiagen, Melbourne, VIC, Australia). DNA was extracted from the CRC cell lines using QIAmp DNA Mini Kit (Qiagen, Melbourne, VIC, Australia) while DNA and RNA of FFPE tissues sections were extracted using AllPrep DNA/RNA FFPE Kit (Qiagen, Melbourne, VIC, Australia).
DNA was bisulphite converted to differentiate methylated and non-methylated C in the DNA using EpiTect Bisulfite kit (Qiagen, Melbourne, VIC, Australia). 
Sanger Sequencing
Mass Spectrometry Methylation Detection
Extracted DNA was sent to Australia Genome Research Facility (AGRF) for analysis by using Sequenom MassArray (Agena Bioscience Inc., San Diego, CA, USA). 
Pyro Sequencing
The primer sets are Hs_PLK1_01_PM Pyro Mark CpG assay (PM00063350) and 
Statistical Analysis
In the pyrosequencing study, the percentages of methylation in each CpG site were determined and compared between high PLK1 and no PLK1 tissues by two-way ANOVA with a p < 0.05 to be considered as significant.
Results
COSMIC Data Search and DNA Sequence Analysis of PLK1 in CRC
The detected mutations and reported polymorphism [25] from COSMIC (top)
and Sanger sequencing (bottom) are noted in Figure 1 .
Data deposited to COSMIC shows 0.39% mutation rate in PLK1 in a sample size of 38,036 specimens. The mutations detected in CRC specimens (1523 samples) were 8 times more frequent (3.02%) than the overall rate. 46 CRC samples contained a mutation in PLK1 with the mutation occurred more than once in 5 positions and 2 within intronic regions. The mutation of PLK1 are detected only in CRC samples with adenocarcinoma, in which 3.31% (n = 724) in the colon, The data generated from Sanger sequencing for the regulatory region is compared to the reference sequence from NCBI (RefSeq: 5347, NC_000016.10). The enhancer, silencer, promoter, core promoter regions and the polymorphism rs27770 were defined according to Akdeli et al. [25] . In order to ensure the The pilot study is designed for exploratory purpose in these four cell lines hence statistical analysis is not required.
In Vitro PLK1 Promoter Region DNA Methylation Exploration in CRC
DNA methylation of CpG islands at the promoter and exon 1 regions of PLK1 ( Figure 2 ) were analysed. The two long stretches of sequences were analysed by bisulphite mass spectrometry (bright green and yellow). In general, Mass spectrometry of the fragmented bisulphite converted DNA of PLK1 gene from CRC lines shows high methylation of CpGs in MSPLK1_15 region (Table 1 , bright green region in Figure 2 ) and low methylation of CpGs in MSPLK1_16 region (Table 1 , yellow region in Figure 2 ). Silent signal is detected in CpG1, CpG3, Figure 2 . Reference sequence of the PLK1 regulatory region for DNA methylation study. Bright green and yellow highlighted regions were investigated in MS DNA methylation study. While the bright green region is MSPLK1_15 amplicon region, yellow region is MSPLK1_16 amplicon. The shorter strands (light blue and pink) are analysed by pyrosequencing with the light blue region being pyroPLK1_2 and dark green region being pyroPLK1_1. The numbers represent the reference position of C in CpG island of the particular analysed region. C in red is the transcription-starting site and ATG in red represents the start codon. CpG4, CpG5, CpG8 and analysis could not be performed for CpG9 due to fragments with low mass, hence is not presented. The methylation in MSPLK1_15 region of Colo320DM tends to reduce when the cells were exposed to IR treatments. The reduction of methylation is dose dependent and occurs across the analysed CpGs. In contrast, SW48 is seen to increase the methylation at CpG10 upon receiving IR exposure. Other than that no obvious trend is observed in methylation of the other CpG. In MSPLK1_16 region of SW48, CpG1 and CpG5/CpG7 tend to increase in methylation when exposed to IR treatment ( Table 1) . Methylation of the other sites and cell lines are not affected by IR. Fragments containing CpG5 and CpG7 are sharing the same mass, thus the methylation status cannot be differentiated. CpG8 and CpG13/14 status are not available due to silent signal and high mass respectively. The exploratory study shows differential trends between samples hence statistical analysis is not needed.
Correlation between PLK1 Expression and Methylation Status in Promoter Region of PLK1
Pyrosequencing was performed to analyse the regions near the start codon (light blue and pink in Figure 2 ).
The percentages of methylation in each analysed CpG from pyrosequencing are plotted in Figure 3 to allow comparison between tissues with high PLK1 and no PLK1 expression. The methylation of CpGs in both the regions is low in general with the maximum methylation being 23% and less than 10% in the majority of the samples. The methylation statuses vary in samples with high PLK1 with outliers of higher methylation consistently detected in each CpG. In contrast, methylation statuses in no PLK1 specimens are more consistent and the average values are generally lower than in PLK1 high samples. However, the differences are not significant between PLK1 high and no PLK1 specimens in any of the CpG site.
Discussions
According to the data from COSMIC [18] , the mutation of PLK1 gene is not common in CRC even though the occurrence is slightly higher than the other cancers. The occurrence of somatic mutation in CRC is common for the oncogenesis. In addition, the MSI status in the 15% of CRC [27] is causing the tumour to be prone to mutation. It is noted that the mutation events of PLK1 are only found in the colorectum with adenocarcinoma. Although adenocarcinoma is the main histological type of CRC, the lack of mutation in adenoma also suggests that the mutation PLK1 is related to late stage oncogenesis.
While referring to UniProtKB database [26] for the updated functional do main or motif of the PLK1 protein in relation to mutagenic influences, the majority of the mutations of PLK1 is detected in kinase and POLO boxes domain.
Mutations in these regions are generally related to malfunction of the protein which means the disruption of the PLK1 functions, leading to improper cell division.
The missense mutation that was identified on D-box motif according to UniProtKB is potentially contributing to changes of PLK1 expression. The mutation that changes the arginine to alanine at the same position has been reported to have an impact on degradation of PLK1 protein during anaphase of mitosis [28] .
Degradation of PLK1 protein is dependent on ubiquitylation and proteasomal activity via the interactions with AP complex [28] . Although the missense mutation replaces the amino acid to glutamine instead of alanine, the degradation mechanism can be disrupted. Failure to degrade the protein can cause accumulation of PLK1 and hence the overexpression. However, it is insufficient to draw a solid conclusion with the limited findings and more functional studies are needed to validate the contribution of the mutation at this site towards the expression of PLK1.
Although the aforementioned mutations may have an impact on the overexpression of PLK1, the overall frequency of PLK1 mutation in CRC is very low.
Therefore, mutation is less likely to correlate with the overexpression of PLK1 which appears to be at a much higher rate. Furthermore, the innumerable ran- The aforementioned DNA methylation analysis of PLK1 gene in human hepatocellular carcinoma [15] also revealed the lack of methylation in tumour tissues and normal tissues even though the PLK1 expression was higher in tumour tissues. The analysis in mouse model however showed differential findings in which the hypomethylation was detected in tumour tissues with high PLK1 expression. In addition, the same group also demonstrated the correlation between DNA methylation of the PLK1 promoter region and the PLK1 expression in haematological malignancies [16] . The contradictory results suggest the role of the DNA methylation may be more complicated in determining PLK1 expression.
Conclusions
The genetic mutation of PLK1 gene is rare in CRC although the occurrence is slightly higher than other cancers. Furthermore, no hotspot is observed in the 
